INTRODUCTION
A series of recent phylogenetic studies, based on 16S ribosomal ribonucleic acid (RNA) composition (2, 33, 84, 104, 105) and other general biochemical features (33, 105) such as RNA polymerase (71, 81, 86, 113, 116) , translation system (10, 54, 55, 80, 85) , transfer RNA (44, 56, 58, 59) , 5S ribosomal RNA (32, 69, 70) , cell wall (21, 50-52, 77, 84, 103) , and lipids (25, 26, 28, 53, 60, 67, 72, 98) , reveals the existence of a new group of microorganisms named archaebacteria. Some features, e.g., their small size and structural simplicity, the absence of a nuclear membrane and organelles, and low deoxyribonucleic acid content, indicate that archaebacteria are procaryotic (33, 84, 105) . In contrast, it has been proposed that archaebacteria are closely related to the ancestor eucaryotes (79, 100) since several characteristics, such as the presence of histone-like proteins (42, 87, 96) , the nature of their translation system (54, 55, 85) , and the sequence of their 5S RNA (46) and that of ribosomal proteins (73) , are considered to be typical of eucaryotes.
This body of results leads us to consider that archaebacteria are as far from eubacteria as they are from eucaryotes (103) . Archaebacteria are quite interesting microorganisms from the point of view of the early evolution of life; indeed, their name was given to underline the hypothesis that these organisms were the dominant inhabitants of the earth in early ancient times (2, 33, 104, 105) . In this respect, archaebacteria, as a distinct primary kingdom, are very important as they give us some indications of the early events in the evolution of cells, thus contributing to a better understanding of the universal ancestor.
Archaebacteria are characterized by a wide metabolic diversity and a high degree of morphological variability that is roughly comparable to that found in eubacteria. In fact, this group includes aerobes, anaerobes, autotrophs, heterotrophs, thermophiles, acidophiles, phototrophs, cocci, rods, and disk-shaped and pleiomorphic forms (1, 6, 7, 9, 16, 22, 49, 74, 77, 83, 93, 104, 105, 111, 112, 114, 115) . Archaebacteria are classified into three major phenotypes; usual, since the glycerol in the naturally occurring glycerophosphatides or diacylglycerols is known to have an sn-1,2 stereochemistry (29, 53, 61) .
Halophiles The basic structural elements of all complex lipids present in the halophilic archaebacteria are presented in Fig. 1 . All extremely halophilic archaebacteria possess lipids based on 2,3-di-0-phytanyl-sn-glycerol ( (27, 28, 83) . The complex lipids of halophiles have been extensively studied (53, 83) ; they derive from the structures shown in Fig. 1 , the free -OH group of which is linked to different polar groups, giving rise to a large range of molecules, as shown in Fig. 2 .
The compounds shown in Fig. 2a and b are the major phospholipids occurring in halophilic archaebacteria (53) . While the isoprenoid moieties of these lipids in neutrophilic halophiles are phytanyl chains, the isoprenoid residues in alkaliphilic halophile phospholipids are based also on sesterterpanylic component(s) (83, 97) . It is worth noting that the configuration of both glycerol residues in the structures in Fig. 2a to c is opposite that found in the corresponding classic ester lipids (53) . Complex lipids (Fig. 2c to f) occur in neutrophilic halophilic archaebacteria only (53, 83, 97) . diastereoisomeric with the counterpart in the phospholipids of extreme halophiles shown in Fig. 2a 
Thermophiles
The situation in thermophilic archaebacteria is more complex; in these microorganisms, there are many types of basic structural unities (Fig. 5 ) which give rise to various complex lipids (26) . The available data on the lipid composition of the Methanogens In most cases, the membrane lipids of methanogens are based on the diphytanyl-glycerol-diether ( Fig. la) and the di-biphytanyl-diglycerol-tetraether (Fig. 3a) , formed by dimerization of two diphytanyl-glycerol-diethers where head-to-head linkage between the terminal methyls occurs (60, 61, 67, 72, 98) .
In the Methanococcus genus only, 2,3-di-0-phytanyl-snglycerol ( Fig. la) occurs as the backbone of complex lipids, but in Methanolobus species, in addition to this diether, 2-0-sesterterpanyl-3-0-phytanyl-sn-glycerol (Fig. lb) Microbiol ., in press).
Moreover, lipids of Methanococcus jannaschii are based mainly on the macrocyclic diether of Fig. 3b (13) , formed by the head-to-head linkage between the terminal methyl groups of the two phytanyl residues present in the 2,3-di-0-phytanyl-sn-glycerol (Fig. la) . Finally, in Fig. 3c and d two new structural types, present in Methanosarcina barkeri, are shown. The first is the tetritol-diphytanyl-diether (Fig. 3c) ; the second is 3-0-phytanyl-sn-glycerol (Fig. 3d) . In Methanosarcina spp. di-biphytanyl-diglycerol-tetraethers with cyclopentane rings in the isoprenoid C40 chains also are present (see Structures of complex lipids from methanogens, extensively studied in Methanospirillum hungatei (60, 61) , are presented in Fig. 4 . It is worth noting that the phosphoryl-1-sn-glycerol residue, occurring in lipids shown in Fig. 4g , is genera Desulfurococcus, Thermoproteus, Thermofilum, and Pyrodictium indicate the occurrence of ether lipids based on C20 phytanyl chains and C40 biphytanyl chains (93, 111, 114, 115) . More extensive studies have been performed on lipids of the Sulfolobus species, which are based essentially on tetraethers (Fig. 5 ). These tetraethers can be divided into two classes: the first, R = H, may simply be called glyceroldialkyl-glycerol-tetraethers (GDGT; Fig. 5a to i) and is formed by two sn-2,3-glycerol moieties bridged through ether linkages by two isoprenoid C40 diols, formally derived from w,w' linkages of two O-phytanyl residues. The structural organization of the second class of molecules in which R = C6H1306 ( Fig. 5a ' to i') is similar, even though a more complex branched nonitol replaces one of the glycerols; these molecules have been named glycerol-dialkyl-nonitol tetraethers (GDNT). Finally, as minor components, 2,3-di-O-phytanyl-sn-glycerol ( The C40 components in these lipids differ in the additional feature of containing up to four cyclopentane rings; the degree of cyclization in the biphytanyl components is sensitive to environmental parameters, such as temperature. In fact, it has been shown that the extent of cyclization in the C40 components increases when Sulfolobus solfataricus is grown at increasing temperatures (20) . At optimal growth temperature (87°C) the major species present are tetraethers Thermoplasma sp. lipids are based essentially on the GDGT (Fig. 5a, b , and c) and on 2,3-di-O-phytanyl-snglycerol, as a minor component (64, 66, 67) , while the GDNT species are completely absent. Until now the only thermophilic archaebacterium without GDGT and GDNT, as the backbone of complex lipids, was Thermococcus celer, Fig. 3a , have been found in polar fractions of several recent and ancient sediments and petroleum of various origins and ages (11) . The results provide evidence of the widespread occurrence of archaebacterial lipids in geological organic matter and show that the polar lipids of organisms are at least partially preserved in the sediments, even through an advanced degree of maturation, beyond the stage of petroleum generation. This reflects the stability of these lipids, in particular, of their ether linkages, under geological conditions.
BIOSYNTHETIC STUDIES OF ARCHAEBACTERIAL LIPIDS
The C20 and C40 components of the complex lipids of archaebacteria are efficiently and selectively labeled following the uptake of either labeled acetate or mevalonate (18, 53, 65, 66 Thus, in Sulfolobus spp. the ether-forming step can occur without any loss of hydrogen from any of the glycerol carbons and without the intervening formation of any oxidized derivative of the glycerol. Given the abundantly demonstrated ability of geranylgeranyl pyrophosphate and similar allyl pyrophosphates to act as alkylating agents in other biosynthetic mechanisms, direct ether formation from glycerol (or, facilitated by neighboring group deprotonation, from glycerol phosphate) presents no conceptual difficulties. On the other hand, such alkylating reactivity would be lessened in a nonallyl (phytanyl) pyrophosphate, and we regard this as further evidence for the conclusion that ether formation precedes reduction in the isoprenoid part of ether lipids in Sulfolobus spp. According to this hypothesis, the unusual configuration of the chiral center in the glycerol moiety would depend, in this microorganism, on the stereospecific nature of the alkylation step. The metabolic fate of both labeled glycerols in the isoprenoid moiety of Sulfolobus spp. lipids is similar to that reported for Halobacterium spp. by Kates and Kushwaha (53) .
Further biosynthetic studies on Sulfolobus spp. have been performed to determine the origin of the branched nonitol characteristic of GDNT lipids (Fig. 5a' to i') (19) .
Plausibly, this polyol could be formed by a variety of aldol-or acetoin-type condensations between a triose and a hexose precursor, followed by reduction, as shown in Fig. 7 (without implications as to stereochemistry, phosphorylation, etc.).
The specific incorporation of labeled glucose and its metabolic equivalent fructose in C-4 to C-9 of the nonitol skeleton ( Fig. 7 (64), show a remarkably lower temperature of the gel-liquid crystal transition (3). The nature of the various transitions has been investigated also by X-ray diffraction analysis (43) . The main conclusions that stem from this study are that, as with other lipids, a remarkable number and variety of phases are observed over a temperature-concentration range close to physiological conditions. The possibility is discussed that this polymorphism reflects a fundamental property of lipids, closely related to their physiological role. Information on the dynamics of the lipid molecules is also provided by electron paramagnetic resonance spin label studies either in vivo, in Thermoplasma sp. membranes (101, 106) , or in lipid extracts from S. solfataricus (9a) . In the latter case, a marked difference has been observed between correlation times of the symmetric GDGT and asymmetric GDNT lipids, the latter being larger by a factor of up to 103. This is due to the presence of the nonitol polar heads, which can form a large number of hydrogen bonds (37) . It is worth noting that GDNT lipids do not form closed vesicles (68) ; only addition of at least 25% monopolar lipids (in particular, phosphatidylcholine) leads to the formation of small unilamellar liposomes.
The symmetrical GDGT lipid does not form stable black membranes, presumably because of the low polarity of the two OH groups at the ends of the tetraether. By contrast, the asymmetrical GDNT lipid does form planar black membranes (39), the properties of which are discussed below. Structural changes have also been detected in polar lipids of Halobacterium halobium by nuclear magnetic resonance studies (17) . The latter work also indicates that, due to the presence of the methyl side groups in the alkyl chains, the segmental motion at the tertiary carbons is hindered. Little is known about archaebacterial membrane proteins, with the exception of bacteriorhodopsin, which constitutes 90% of the purple membrane of H. halobium (79, 95) . Some further information on membrane proteins derives from Thermoplasma acidophilum, because of the greater simplicity of its plasma membrane, devoid of the cell envelope. Purified membranes can be obtained by sonication of cell suspensions at moderate ionic strength (0.05 M) and pH 5 (7, 63, 90) . Their chemical composition by weight is 60% proteins, 25% lipids, and 10% carbohydrates. Gel electrophoresis has revealed that these membrane proteins are a heterogeneous mixture that possess an amino acid composition similar to that of mycoplasma membrane proteins (90) . Thus, the percentage of proteins in archaebacterial membranes, in the very few cases known so far, is very high.
ORGANIZATION OF BIPOLAR LIPIDS IN
How are proteins inserted in a monolayer of bipolar lipids? A tentative picture has been given on the basis of electron paramagnetic resonance studies which have shown that, at physiological temperatures, the fluidity of the center portion of the hydrocarbon core is similar to that of an egg lecithyn bilayer, thus providing the proper microviscosity for protein insertion (9a) . Furthermore, X-ray diffraction studies (43) have shown that unsubstituted glycerol, whose concentration is high in S. solfataricus complex lipids, can interact with hydrophobic molecules, thus providing new possibilities for interactions with proteins. It is also significant that the cell envelopes of most archaebacteria are made up of continuous layers of proteins, and it seems very restrictive to regard them as merely passive barriers.
